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ABSTRACT

The meson component of cosmic rays in the atmosphers is investi-
gated quantitatively with respect to its various fundamsital charac~
teristics. The analysis is based on-a unnidimensional equation for the
vertical differential intensity of p-mesons, studied originally by
M. Sernds. The following topics are discussed in detail:

(1) THe a priori unknown range spectrum of p-mesons at produotion,
G(R'), is derived from Sands' equation with the aid of recent experi-
mental data concerning the p-meson intensity. These include the altitude
and latitude dependence of p-meson intensities as well as the momentum
distribution of p-mesons at sea level. It is shown that, for the residual
ranges 100 g cm-2<f R 6,000 g cm-z, the production spectrum may be
represented by the following empirical farmulas
7.31 x 1oh
(asR')"*

G(R') = [é'zcgasec'lsteradéi]

-

where a is a constant characteristic for a given geomagnetic latitude,
The values of a vary from 6L6 g cm"2 at the geomagnetic equator to 513
g on~2 at 60° geomagnetic latitude., The value of 520 g cm.2 at 50°
geomagnetic latitude is considered as the moat reliabls, since at this
latitude the experimental data are most complete. The production spec-
trum 13 compared with that derived by M. Sands on the basis of earlier,
less accurate observationsl material.

(2) The effects of atmospheric temperature and pressure on the
p-meson intensity are studied for locations near sea level, The treat-
ménv is rigorous in the sense that it includes the continuous production
as well &5 the ilonization losses of p-mescns in the at:rosphere. With the
help of the newly obtained production gpectrum and the exact expression
fer the survival probability of p-mesons, a three-term regression formula
for the relative changes of p-meson intensity ;s derived and discussed
in detail. Accerding to this formula, the relative intensity changes are
to be correlated not cnly with the average production height and the grourd

pressure {a customarily employed two-term correlation) but also with the
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averags tropospheric temperature. This additicnal correlation, resulting
from the ionization losses of p-mesons in the air, indicates a possibility

. ] of removing some apparent difficulties in the interpretation of experi- A
. & mental data (as, for example, the discrepancies found in the decsy co-~
B sfficientes determined from diurnal and seasonal observations, respectivaly). .

(3) The differential energy spectra of w-mesons at production are

computed for various geomagnetic latitudes, whereas use is made of the
latitude dependence of the production spectrum of p-mesons. The obtained
latitude dependence of the w-meson spectra is linked with the geomagnetic

£ effect on the primary cosmic radiation. Some crude conclusions regarding i
' the multiplicity problem of w-meson production are drawn in a preliminary f
manner.,
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‘ ; AN ANALYSIS OF THE MESON COMPONENT OF
R COSMIC RAYS IN THE ATMOSPHERE

. T. INTRODUCTION

, Although as yet the origin of the primary cosmic radiation escapes
our knowledge, we believe today that we understand, at least qualitatively,
the secondary phenomena caused in the atmosphere by the primary partisle:,
Let us rscapitulate briefly the sequence of processes which ars respon-
sible for all the complexity of the observed local cosmic radiation.

The primary cosmic rays which consist of proions and, to a smailer
extent, a-narticles and heavier nuclei, and which are sufficiently ener -
getic to overcome the magnetic field of the earth, reash the upper at-

{ mcaphere from outer space and begin to collide with the cxygen and nitroe-
gen ruclel of the air. These nuclear collisions cause not only an ex-
citation and evaporation of the air muclei, but also an emission of high-
energy secondary nucleons as well as a production of unstable particles,

i _ B n-mesons, both charged and neutral.# Neutral w-mesons, having a very
short lifetime (less than 1o'lh sec) disintegrate immediately into photons,
! ' and thu3 launch the cascade vi photon-electron showers. Charged w-mesons

having also a relatively short lifetime {(about 2.7 x 10"8 sec) decay, after
a short distance of travel, into neutrinos and p-mesons. The latter par-
ticles live on the average 2,1 x 10-6 sec so that they can travel a con-
siderable distance before decaying into nsutrinos and electrons. Further-
more, they have exceedingly small cross sections for nucleer interactions
so that their energies can be depleted esssntially only by the ionization
losses. Thus in the lower parts of the atmcsphere one expectas the local
cosnic radistion to be composed primarily of two major components: the
electron-photon component (also called the soft component because of its
absorbability in heavy materials) and the p-meson component. The third,

g nucleonic component, is reduced to a very small fraction of its original

\ value by nuclear interactions (its absorption mean free path for nuclear
v, interactions is about 120 g cm-z).

————— -

P i

] # We shall disregard here the heavier mesons since their production rate
is very small compared with that of w-mesons.

P .-._‘..t'.'..
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A f In the following investigations we shall be concermed with the
'_ : analysis of the pu-meson component of cosmic rays in the atmosphere.
d This component, due to its relative sbundance in the lower atmosphsre, 5
_ \~ is known in its behavior with much greater accurasy than the remaining
3 components msntioned above. Theore is a sufficiernt amount of experi- “
_ ] o mental material ascumulated throught recent years to provide a reliable
s basis for the mathematical derivation of a quantity of primary importance
to cosmic-ray physics but not accessible by direct measursments: the p-
meson spectrum at production. In addition, there are various observa-
/ tional data which enable one to test the correctress of the assumptions
Z ! made in the calcnlations.

However, it is evident already from the crude qualitative picture
sketched above that the assurats mathematicsl equations descrlbing the
g-meson component must necessarily be of complex form, It is, there-
fore, almost impossible to arrive at usable results without making
simplifying assumptions, Furthermore, at some stages of the formulation
of the problem one is compellsd to make arbitrary assumptions because of
the lack of satisfactory theoretical or empirical information. Briefly,
even in the case of the relatively well-known p-meson component one must
be aware of the highly limited validity of the obtained results., We
shall discuss this problem in mcre detail in Part II, Sec. B,

We shall base our analysis on a unidimensional model of the dif-
ferential vertical intensity of p-mesons, the mathematical form of which
was originally considered by M, Sands (SMi9). In Part II of this repors
we shall derive the a priori unknown range spectrum of pg-mesons at produc~
tion. These calculations will essentially repressent repetition ef the
work carried out by Sands. The necessity for re-calculating the produc-
tion spectrum arises mainily from the fact that the disorepancies between
the early experimental data used by Sands and shose obtained more recently
i with higher accuracy by Conversi (CMS0) and others were too serious to be
i disregarded. Part III deals with the atmospheric effacts on the p-meson
intensity near ssa level, Using the newly computed production spsctrum

i : we shall derive a regression formula for the relative changes of the
’ i u-meson intensity caused by the variations of the atmospheric temperature
and pressure., The results obtained will throw a new light on the existing

Sy
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difficultiss in the interpretation of sxperimental data, Finally, in
1 Parts IV and V we shall tonsh upon the problems of the latitude dependence
e I of the p- and w-meson spectra at production. Some crude results will be

vtilized for speculatiorpon the multiplicity of meson production.
" II. RANGE SPECTRUM OF u-MESONS AT PRODUCTION

A. Notaticn, Definitions, Units.
In order to avoid repeated axplanation of the notations used, we

list here the symbols for the physical quantities that will enter into
our discussion.

(a) Quantities pertinent to the atmosphere:

X, 8 - atmospheric depths at the levels of production and observation
of p-mesons, respectively; x and s are sjuivalent to the at-
mospheric pressures overhead measured in g “-2 (or approxi-
mately in millibars).

] x, - atmospheric depth at sea level; x, oorroupoggl %0 the sea-level
2 pressure and its normal value is 1,033 g om .
?(x') -~ air density as a function of atmospheric dapth.
' T(x!') -~ temperature of the atmosphere as a function of atmospheriec
depth, measured in absolute units,
(b) Quantivies pertinent to the p-meson:
nu = 209 m, - zgat mass of tha p-meson.
T = 2,10 x 10 = se¢c - mean life of the p-meson at rest,

R,R! - residual ranges of u-mesons at the levels of obsorvation and
production, respectively, measured i g on~? air squivalent.

op - velocity cf the p-meson.

p,U - nomentum and total energy of the p~mescn, measured in multiples

of muc and m".o2 respectively.

energy loss of p-meson by collision (ionigation loss) measured

in multiples of muc2 per g 2.

(6) Quantities pertinent to the p-meson flux:

, iv(R,s)- differential vertical intensity of p-mesons; iv(R,a)dde
’ | represants the number of p-mesons which arrive at the
depth s from the vertical direction within the solid-angle

” , element, dw, per unit time and unit asrea, with residual

k(U)

- ._,—_'l.—.
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.. P ranges between R and R + dR; iv(R,a) is measured in {(sec-g-
sterad)™ . Occasionally the "short-hand" term "intensity"
will be used for iv(R,s).

Iv(Ro’s)- integral vertical intensity of p-mesonsj I'(Rb,a) is related

- ¥ to iv(R,s) by the equations
. b IV(RO’B) = / iv(R)B)dR)

R
o

™

(1)

7/ is, therefore, measured in (aoc-cm2-aterld)-1.
o (d) Quantities pertinent to the n-mesont
m = 276 m, - rest mass of the m-meson.
ﬂtﬂ = 2,65 x 10-8 sec - mean life of the w-meson at rest,

pﬁpﬁ -~ momentum and total energy of w-meson measured in multiples

of m o and mhc2, respectively.

i B. Unidimentional Equation for p~Meson Intensity and its Range
P of Validity.

Let us attempt to express in mathematical terms the vertical ;
| p-meson intensity which is supposed to develop according to the picture

sketched in the Introduction. Consider first the number of charged 4
n-mesons produced by a vertical flux of the N-component (mostly nucleons

and w-mesons) in an infinitesimal layer dx at x with total energies bs-

tween Uu and U" + dU", At 8 glven geomagnetic latitude this number should

depend only on the depth x and the energy U_ since the intensity of the

N-component does not change noticeably with"time and geomagnetic lcngituds.

(We disregard here the atnormal "storms® cbserved occasionally in the pri-

mary radiation.) Now, it is known from the exreriments of Tinlot (TJL8)

R and others that the comporient producing penstrating showers decreases
exponentially with atmospheric depth (this iz true at least for the depths

betwsen 300 and 1,033 g cm-z). Therefore, if we identify this component

with that responsible for the w-meson production, we may write for the

’&: number of w-mesons considered above:
P(U“)e-x/dedUw . (2)

where L is the mean absorption path of the N-component. The function
P(U") may be properly interpreted as the differential energy spectrum
of n-mesons at production,
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As we shall show below, one may neglect the finite thickness of air
Sraversed by a w-meson befors its decay into a p-meson provided its en-
ergy is not exceedingly high. By doing so one can then interpret P('J“)
as the differential energy spectrum of w-masons at decay wherofrom one
ca&n obtain directly the differential energy speotrum of u-mesons at produce—
tion M(U)e. According to Ascoli (AG50) this latter quantity ia related
to P(Uu) by

U+
m”m dUﬂ
¥(U) -;—,—_:.‘: BT, —5- (3)
”w
wheru )
2 2
T T A = W . S "N b
e"3 G +5) At o—— ) (L)
- 13 ” me o+ m

are the upper and lower limits of the energies of w-mesons that can
give rise to a p-meson of energy U (see Fig. 16).

In what follows, it will be more ‘convenient to speak in terms of
the differentisl range spectrum of p-mesons at production, G(R'), rather
than in terms of M(U). These two quantities are related by the fcllowing
equationt

G(R') = M(UMR, = M(U)K(D) . (s)

One can convert one spectrum into the other by making use of the
theoretical curves for k(U) and the energy-range relation (see e.g.,
RBS2, Chapter II).

Summarizing, we conclude that the number of p-mesons produced in
dx at x wish residual ranges between R' and R' + dR' per lec-cmz-aterad
may be approximated by:

a(R! )ed/l‘

‘drdR' . (6)

In thie above estimate we have neglected the fast that some of
the w-mesons az well as some of the p-mesons will be produced also
in directions different from the vertical. However, as we shall see
below, for not too low energies these directions will differ only siightly
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from the vertical. Accepting this unidimensional model one notes that

= ;f at the depth of obsesrvation the p-msson arrives with s residual range
R =Rt - (8=x) , (1)
-‘\
4 and thus its differential vertical intensity may be written as:
@ s
.- iv(R,s) = J/f G(R+s-x)e-x/n w(x,s,R)dx, (8)
§

° i
where w(x,s,R) represents the survival prcbability of a p-meson produced i
7 at x and arriving at = with a residual range R. The explicit expression
7 for w(x,s,R) will be discussed in Sec. II-D. i
Eq. (8) in its formal structure is identical with that investigated
by M. Sands (SM49). Since the production spectrum, G(R'), is not known
(either theoretically or experimentally) Eq. (8) represents an integrai
equation which one must solve with respect to G(R') by making use of the
: observational data on i'(R,s). Before we turn to this problem let us first
€ estimate the residual ranges of p-mesons for which one may consider Eq. (8)
as a reasonable approximation to reality.
In deriving Eq. (8) we have made the following assumptions:
{ (a) the meson producing component varies exponentially throughout .

R

the entire atmosphere;
(b) the air laysr traversed by w-mesons before their decay is
infinitesimally smallj i
(¢) the production of w-mesons and p-mesons is collimated along ?
the verticalj;
(d) the multiple scattering of p-mesons in the air is negligible.
Among all the above assumptions the assumption (a) is probably
the most arbitrary one. Although it is empirically Justified for high-
energy events at atmospheric depths below the 300-mb level, it is quite
uncertain that the same exponential law should hold for lower energies
and for depths above 300 mb, We are forced tc make this assumption here
because of the lagk of any better information. The arrors introduced
thereby cannot be estimated rigorcusly. One might only remark that the
& error should not be too serious if the significant deviations ococur oniy
: above 100 mb (this is so because the contributions to the p-meson inten-
sity criginate mostly from the layers below that level).

- -
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Concerning the assumption (b) one readily verifies that it repre-
sents a good approximation if the momenturm: of w-mesons is not exceedingly
highs The mean free path of a w-meson before decay is given by:

L, = c'l:'“ g(x)pﬁ_& 10-3p“x (g c,',i"z) (9)

which is of the order of a few grams per cm2 for ir~-mesons produced in
the proximity of 100-mb level with momentum smsller than 100 m Ce For
momenta larger than this value I’d becomes comparable with the geometric
mean free path of w-mesons for nuclear interaction, and the assumption
that almost all w-mesons decay into p-mesons before intsracting with air
miclel iz nc longer valid. We shall take the value of P, " 100, which
corresponds to the p-meson range of about 6,000 g cm-z, as the upper
limits for the validity of Eq. (8).

In contrast to the limitatione on Eq. (8) arising from the assump-
tion (b) the assumptions (¢) and (d) impose a lower limit upon the range
of validity of Bq. (8). The assumption on the collimation of w-mesons
produced in nuclear interactions is essentially based on the relativistie
contraction of their cone of emission in the laboratory system. The numeri-
cal value of the maximum angle of emission with respect to the line of
flight of the primary particle depends on the angular distributions of
w-mesons in the center-of-mass system. Since the present knowledge on
this problem is only of a speculative character, it is impossible to
make an accurate estimate of the errors involved. However, the experi-
mental observations in photographic emulsions at high altitudes (BRHLS)
clearly indicate that most of the w-mesons with minimum ionization (thin
secondary tracks) are emitted in the laboratory system at angles smaller
than 15° with respect to the direction of the primary particle. This
empirical fact may be considered as sufficient to support the assumption
on the collimation of tr-mesons provided one considers w-mesons with momenta
larger than about &nﬂc (thrsshold value for minimum ionization).

The maximum ang’e of emission of p-mesons in the decay process of
n-mesons can be readily calculated and is given by:

m
sin ‘})/ - —" £ L Qembe 3 (p_ >0.282), (10)
'2' m, M P P LA

n i1 i1
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Hence "(}max is smaller than 8~ for P> 2

o The effect of the multiple scattering of p-mesons may be best
estimatsd from the magnitude of the mean-square angle which is givan by:

- N 3
| ]
4 (Bp) “
B 2 2 x

- et BT . o '
k AV o m“c 8%p ko mp.c [_ _]szz : ,
' ) (BpYy j
é~ (Es = 21 Mevy X = 38 g cm'z, see RB52, Chapter II). The quantity é
;

-G - v )

appearing in the denominator of the integrand in Eq. (11) is practicallz
constant for all p > 2 (its numerical value for air is 2,1 x 10-2 g-lcmf)
h so that one has the following simple formula for the mean-square angle:

gy

% \'92>Av = 0,050 (-(-;—p)-s— ‘(_ﬁ:;j; ) . (12) "

Bg. (12) implies, for sxample, that a p-meson prcduced at 100-mb level and
arriving at sea level with p » 3 will have a rms angle of 7.0°. For momenia

smaller than this value the deviations from the vertical become more
Criticalc

i3

Summing up we see that, if we exclude yi-mesons with momenta smaller
that 3 mc (corresponding range 100 g cm-z) we may expect that the local
p-meson intensity, produced by a vertical flux of the N-component, will
be contained within a vertical cone of 30° zenith angle. The uni-
dimensional treatment of the development of the p-meson component can
be considered valid within these limits.

o S

Referring to the latter limitation and to the limitation arising
: from the assumption (b), we conclude that the range interval in which
N Eq. (8) represents a reasonable approximetion to reality extends from
] R =100 g em™2 up to R = 6,000 g en~? air equivalent.




C. Experimental Information Concerning the u-Meson Component.

As we have mentioned in the foregoing section, Eq. (8) can be sclved
with respect to the range spectrum at production only if one has at his
disposal a sufficient amount of experimental data conserning the p-meson
intensity, iv(R,s). We have chosen the following two experiments as the
most reliable and suitable for the purposes of our a&nalyais.

(a) measurements of the differential distribution-in-momentum
of cosmic-ray mesons at sea level by Caro, Parry and Rathgeber (CDRSO);

(b) measurements of ha altitude dependence of cosmic-ray
mesons with residual ranges between 100 and 117 g em™2 air equivalent
by M. Conversi (CM50).

In the first experiment the penetrating cosmic-ray particles coming
nearly from the vertical direction (the opening angle was about 16°) were
deflected in the air gap of an electromagnet and the deflection was re-
corded by means of an array of G.M. counters. The measuremenis were car-
d ried out at sea level and covered the momentum range between 2.l x 102
and 5 x 10h Mev/e., The differential momentum spectrum thus obtained is
reproduced in Fige. 1. Since the particles recorded represent almost ex-

2 " clusively the vertical p-mesons, one can utilize the above data for re-
constructing the differential vertical intensity of p-mesons at sea level,
iv(R’xo)’ as a function of the residual range R. Applying the theoretical
expression for the momentum loss, k/B, for p-mesons in air we arrived at

a curve shown in Fig. 2. The solid line cgorresponds to the meésuremshts
by Caro et al, while the dashed line represents Rossi's curve (RB4S) drawn
for comparison. Note significant deviations from Rossi's curve at residual

ranges above 3,000 g cm-z.

In addition to the above sea-level data, we shall find the measure-
ments by Conversi as indispensable for studies concerning the behavior
of the production spsctrum at small residual ranges. Combining the
techniques of delayed coincidences and anticoincidences, Conversi was

P able to determine the absolute number (per sec-g-sterad) of p-mesons

| stopped in 10 cm of graphite after traversing 15.2 cm of lead for various
'] atmospheric depths at 50° N geomagnetic latitude. The counter telescope
had a relatively good geometry (the maximum zenith angle permitted for a
meson entering the telescope and stopping in the absorber was about 350)

- -.a S : e st ="
s i - -




v, @AM
s

" :-"".," -

%

A

»

st a7

]
Tl

-10-

- -
- +- i
1 L
N 1 1
: : 1 i
- . -
L L __ _H } !
T HH
e ,ﬁ__. | I
TaEr T
HilHiN H I
; i |
L) (D L I 1
; =
: EEiE E==E =
F A ] = T s =
- ¥ .- e -
i : 1 E
o t 3 = = ﬁ‘.
104 0309 818 s oot | - 1] 1 it
=Tt - E
Hi= : i ==3
¥ ————1
53 I = © S=
1 i o ﬁl |n.w-|.u
: : B E==
T t ++ i
il + el -
i e m i HEE
1 - !
"
] ] m__
L | T1GH
1Rk [ 00

: - o
e So35o3
" : taaa i 1 T
". e fEsias rEaag i it ; F
aﬁ 1 i L b Tread o ST t Jq..
= FEe
: = i
Ext = ;
. =
=
: !
i :
; 1 1 1
1 . T
Lt H
Ll 1]
T W1 i 1T
f 1 Ll i
“ T—ir H
1 I

1073 =

5
_(9/A3 )

PDI3}S, 295, WD

- —o——-— o - ———— ma

Mev/c

Pigure 1
Differential momentum distribution of
at sea level measured by Csro et al.

~-mesgons

£50).

&

AL b L a e

e

-
——————————

e e Syt




Y -~ Ca
¥ f

i 2 + il s el -;«,W P R SO ATSRERS O
e 2 8 g s PN e P ¢ e RN Py J " !

N T B 1078 e _
B S ot !
i |
- — ;
| i
....LJ
| H
(O UL
i " Q:l?;_
: ‘ - i 1 '
i © i
. = 2 i
; Qg ?n il
' w !
» TU i
@ T
7
| e N T 1
' o »1,__"_‘-:&!?_ iHiH -;,H.I] .
1h HrHtmi pirt ;!f_’;'l- = e
BlEE i EelaeE
! T A
i i [l
-7
, 10 Figure 2 manl _
n x B
! i Vertical differential intensity of - ox
: H p-mesons at sea level, iy(R,x,), as T
‘ i a function of residual ranges, R, =2=38s7
| measured in g em=2 air equivalent, !
i computed from Caro's data (CDESO). Ea5sEanscs
i The dashed line represents Rossi's ISREEES
; curve (RBLB). The open circles rep- _iEHI
. resent the i,(R,x)-values computed  “Hilik:
.' on the basis of equations (II-8) and SHIH
- (11_33). [Bagsadnal
. Sinuanknni
I TR
£ RN RNRE S RYENT A I\II{':‘” AT AITTE 1
» o e Gl R Sastsat e R e THIH
g} L] T 'm i TIH”;'-’;. B |03 G T T
] o] 81 ot e w02 (I

-
t
.
- ‘._
o AL A ot ' v 0 NI SAIPCIS TS 0 4TS T L A NN N A B
oLt T N B, —— e 2




i e —— ——— ——

i
1
I
[
'

-
o

"}?

~A

gl

R Rt SN

“ ) . &

2, M. WD

o se TR e a8y S i

<12~

and the statistical sccuracy of the data exceeded that of earlier measure-
ments of this kind (RBL7, SML9) considerably., The delay curves yielded

& mean life which was consistent with chat of p-mesons at ali depths con-
sidered. Thus one may interpret Conversi's data as a direct measure for
the dependence of the vertical differential intensity on the atmospheric
depth for a p-meson with residual ranges between 100 and 117 g cm“2 air
equivalent. Conversi's results with corresponding errors are shown in
Fig., 33 the s0lid line represents the differential vertical intensity as
computed on the basis of the production spectrum derived in Sec., II-E.

The dashed lins represents the normalized intensity-depth curve deduced

by Sands (SM49) from his earlier measurements, The large difference in

the behavior of Sands' and Conversi's curves, respectively, is primarily
due to the fact that Sands' data cannot be interpreted as directly repre-
sentative for the vertical differential intensity of u-mesons, They rather
represent an intensity integrated not only over all ranges of mesons be-
tween 5 and 83 g cm™2 but also over &ll directions of incidence (the opening
angle of Sands' arrangement was close to 1800).

Concluding, we would like to call the reader's attention to the good
agreement exisiing betwsen the measurements of Carc st al. and those of
Conversi for p-mesons at sea level with residual ranges of 100 g cm'z.
(Note that both experiments were performed at geomagnetic latitudes near
50° although on opposite sides of the geomagnetic equator.)

D. Survival Probability of p-Mesons.

Another quantity which enters into our basic equation (8) is the
survival probability of p-mesons, w(x,s,R). Due to its implicit de~-
pendence on the vertical distribution of the atmospheric temperature,
this quantity will be treated separately in some detail,

For a p-meson, produced at the elevation 3, which travels verti-
cally toward the earth with the velocity cp and is observed at the eleva-
tion zZ, the survival probability ls given by:

20 5
veu[- / A dzj, 3)
z
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" the factor 4 1-8° in Eq. {13) accounts for the relativistic time dilata-
, tion. It is conventient to express the distance element, dz', in terms
; of the increment, dx', of the atmospheric depth. Since dx' = g’(x‘)dz’
Rl Eq. (13) may be written ass
8
e ; WiX,8, exp o --(-—T—s) X TP .
x

Here p' stands for the momentum of the p-meson at the depth x' expressed

as a function of the corresponding residual range (R + 8 - x').

Al We shall find it useful for the consideration in Part III to ap-
proximate the momentum-range relation by the following analytical formulas

-

;|

R A (15) i

where B = 53,5 g cm-2; b=56g cmm2 if R is measured in g cm-2 air §

| equivalent; = constant = 2,07 x 10>, With the mmerical values of the !
¥ constants quoted above, Eq. (15) is applicable for all ji-mesons with resi-

|
‘ dual ranges between 30 and 6,000 g cm-2 air equivalent., In this region
! it reproduces the theoretical curve (RB52, pages LO-41) within an accuracy
\ of one percent, Referring to the discussion of the validity of Eq. (8) in
{ Sec. II-B we may consider Eq. (15) as sufficient for the purposes of our
analysis.

The evaluation of Eq. (1) also requires the knowledge of the
vertical behavior of the air density, §(x') or of the atmospheric tem-
perature, T(x'). These two quantities are related by the following

. equationt %
. x! - ST(x')
TE T TR o)

where% is the universal gas constant, M is the mean molscular weight
! of air, and g is the acceleration of gravity ( %/Hg = 2,87 x 103 cm/O'C)o
X It is more appropriate to discuss the survival probability in terms of

' ,; T{x') rather than in temms of §(x') because T(x') is a quantity that
i - can be measured directly by means of radiosondes,
] By combining Eqs. (14), (15) and (16) one can write for the

survival probability:
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8
w(x,8,R) = exp | - %”'— BCs iyl -wl\ dtj’

e Mg x xe-x—r
x

where we have put for short:

xe-R+54-b.

1.1y,
N Iy = — »
x xex) x, x! xe-x'

the following representation of w(x,s,R) is possible:

Since:

w(x,8,R) = expExH(B,R)H(x,B) + Q(K(S:R)K(X:S:R)_],

where
-1 /B 1 .
ylesR) == ('ie “R) = - sEsem—
Ol (s,R) = - _——-2-D ’
B Mgc‘Uxe
and

' s
H(x,s) = gfg%)dx' 5
Mg
b

K(x,s,R) = x, ;{ﬁ%? dx!

x*

(17)

(18)

(19)

(20)

(21)

(22)

The representation of w(x,s,R) given by Eq. (18) has some advantage=
over those given by Eqs. (1) or (17). The two terms in the exponent
of Eq. (18) have a direct physical significance. The function H(x,s)
defined by Eq. (21) represents simply the distance from the pressure

level x (ths preducticn level) to the pressure level s (the observation

level),

— e e
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‘The first term in Eq. (18), exp(CXHH), is the main terms it re-
presents the survivel probability for a p-meson produced at x and travel-

. ‘B ing the distance H with a fixed momentum p(s + R). For most of the mesons
B recorded in tls lower atmosphere, x is considerably smaller than & so that
p(s + R) will not differ significantly from the actual momentum at produc-
tion p(s + R - x). This implies that approximately

L&

—~ H
exp(CXEH)'v exp [} si;srg;ﬁ:;z] : (23)
Z Cne recogrizes in the right-hand side expression a formula that is often

quoted in the literature, It represents the survival probability of
p-mesons if one neglects their ionization losses in the air,

The second term in Eq. (18), exp(OCKK), may be regarded as a cor-
rective term accounting for the ionization losses of pg-mesons in the air,
The function K(x,s,R) defined by Bq., (22) will, in general, depend not
only on the temperature distributio. buvt also on the residual range of

the p-meson under consideration., Hown.wr, for sufficiently large R
(=ay, R > 1,000 g cmna) K(x,s,R) may be written roughly as

s ] 4

K(x,s8) = ‘/\T(x'.)«ix’ *%/ x'dsz , (24)
z

x
[+]

i.e., in case of fast mesons, the function K is closely related to the
temperature averaged over the region between the levels of production
and observation or, what is equivalent, to the amount of air mass

T e eme iR me v e ——— v —— A — = -

overhead,

For the numerical evaluation of Eq. (18) one needs the metsorologi-
cal data on T(x') which, in general, will be different for different
seasons, different geographic locations, etc. However, a closer study of

. —-

meteorological data shuws thai for the description of the annual means

of atmospheric temperature one needs essentially only two parameters:

the atmospheric depth (i.e., the pressure overhead) and the geographic

] latitude. The longitudinel variations of the annual means at & given

latitude circle turn out to be insignificant exscept for the localities "

T e
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with extrome weather conditions ax, e.g., localities with a pronounced
continental or maritime climate., Even in thoss exceptionai cases the
deviations become significant only in the lowar parts of the troposphere.
Hence, it is plausible ta.consider the anmual means of T(x') averaged
along a given latitude circle as basic quantities, The local corrections
may be then carried out with the ald of a regression formula, An explicit
expression of such & formula will be discussed at length in Part II<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>